Steel reinforcement corrosion is found to be more severe at stirrups or some intersection zones of steel rebar mesh in concrete structures subjected to chloride penetration. This can be caused by macrocell corrosion formed between steel rebars with different potentials. Such potential differences are usually contributed by 1) chloride concentration gradients during the penetration process and 2) material differences between crossed steel rebars. With the forming of macrocell corrosion, the anodic current of steel with more negative potential will increase. The present study aims to deal with the macrocell corrosion between crossed steel macro-couples by dividing the steel rebar into intersected zone (IZ) and non-intersected zone (NIZ). The distribution of macrocell current on the surfaces of NIZ was obtained by means of a transmission line model. Based on the calculated macrocell current, the influence of the macrocell corrosion on the service life of reinforced concrete (RC) structures was analyzed. The results showed that the coupled micro-and macro-cell corrosion of stirrups could accelerate the change of the failure mode of a beam from bending to shear failure when the macrocell corrosion rate was no less than the microcell corrosion rate.
Introduction
Corrosion of steel in concrete can be categorized into microcell and macrocell corrosion. The former refers to the situation where the anodic dissolution and cathodic reduction actions occur at adjacent parts of the same steel, leading to uniform corrosion. The latter can occur between separated active steel and passive steel. Examples of the macrocell corrosion can be active steel in chloride-contaminated concrete and in contact with bottom passive steel in chloride-free concrete, more severe corrosion of stirrups than that of corresponding longitudinal rebar [1] , and the localized corrosion. Macrocell corrosion is one of the major corrosion patterns in concrete under chloride environments due to 1) localized damage of passive film of steel and 2) chloride concentration gradients during penetration process. When a macrocell is formed between two steel bars with different potentials, the steel with more negative potential will be anodically polarized, while the steel with less negative potential will be cathodically polarized. The metal removal rate of the former will thus be increased, while the latter decreased. In this regard, the coupled micro-and macro-cell corrosion process aggravates the corrosion of steel with more negative potential, leading to further reduction in its crosssectional area.
According to the location of steel electrodes forming macrocell, macrocells are generally consisted of face-toface electrodes and coplanar electrodes [2] . The former refers to the situation where steel electrodes are located parallel to each other, while the latter occurs when steel electrodes are juxtaposed. As fundamentally known and applied, macrocell current between parallel steel electrodes can be calculated by Ohm's law, while it can be addressed by transmission line method in the scenario of coplanar electrodes.
The present study aims to investigate the macrocell corrosion between crossed steel bars with different potentials in concrete, dividing the steel bar into intersected zone (IZ) and non-intersected zone (NIZ), as illustrated in Fig. 1 . To deal with the macrocell current on the surfaces of NIZ, resistances of steel and corresponding concrete electrolyte are simplified as pure resistances, forming an equivalent circuit as shown in Fig. 2 . At the location of x=0 (i.e. the boundary between IZ and NIZ), the initial polarization value of NIZ equals to the initial potential difference (η0) between IZ and NIZ. Based on transmission line method [3, 4] , the polarization value (ηx) of NIZ at different locations and the corresponding macro-cell current (Ig) can be expressed as Eqs. (1) and (2) . Corrosion experiment of steel bars in concrete was conducted. Relative microcell and macrocell corrosion rates were compared. Based on the experimental results, analyses of the time-dependent 
where ρs and ρp are the general electrical concrete resistivity and polarization resistivity, ρp1 is the polarization resistivity of a one-dimensional system. c is the cover depth of concrete. 
Experiments

Preparation of specimens
Two concrete specimens were designed, taking the diameter of steel 1 (cf. Fig. 1 ) as the variable (d1=10 mm, 20 mm, respectively). For each specimen, six steel electrodes were machined from an identical steel bar. Steel segment with a length of 10 mm simulated the IZ (cf. Fig. 3, S0 ), while the steel segments of NIZ were machined as 25 mm (cf. Fig. 3 , S1~3, S1'~3'). All steel segments were joined with 5 mm-length epoxy resin. As aforementioned, the concrete resistivity and polarization resistivity of steel segments S0~3/3' inevitably varied due to the inhomogeneity of concrete. Therefore, the stainless steel (cf. Fig. 4 , SS) was used as the coupled passive steel to ensure a considerable initial potential difference between simulated IZ and NIZ after the connection of S0 to SS, dampening the effect of variability of microcell for steel electrodes of NIZ. The dimensions of a concrete specimen were 280 mm×125 mm×100 mm. The composition and physical properties of concrete are shown in Table 1 . Four-electrode (Wenner) 174.9
The concrete specimens were cured in a 95 ± 5% relative humidity (RH) and 20 ± 2 °C environment for 28 days, and were then put in a chamber with salt spray SS Epoxy resin 25 10 S0 S1 S2 S3 S1' S2' S3' A3 ' A2 ' A1 ' A1 A2 A3 steel bar S3' S2' S1' S0 S1 S2 S3 25 5 5 5 10 nozzles to induce corrosion. The temperature was kept as 25 °C.
Measurements of micro-and macro-cell currents
Microcell currents of steel segments were measured by the linear polarization resistance(LPR) method through a three electrodes system (cf. Fig. 5 ). A silver/silver chloride electrode (SSCE) was used as reference electrode (RE). The embedded stainless steel was utilized as counter electrode (CE). Built-in zero resistance ammeter (ZRA) of electrochemical workstation was used to measure the macrocell current, as shown in Fig. 6 . Based on the measured results, the macrocell current flowing through each steel segment simulating NIZ (i.e. S1/1', S2/2', S3/3') was calculated as the difference between the outflow current from the steel (cf. Fig. 6 , Iout) and the inflow current to the steel (cf. Fig. 6 , Iin), as expressed in the following equation: 
Results and discussion
Distribution of macrocell current
The potentials of active steel electrode S0 before being connected to SS were −0.393 V and −0.482 V. After they were short-circuited with SS, the potential of S0 turned to −0.257 V and −0.367 V. For each concrete specimen, when the steel electrode S0 was shortcircuited with SS, the macrocell currents (Ig) flowing through the juxtaposed coplanar steel electrodes were measured and calculated through Eq. (4). Taking the average values of Ig through S1/1', S2/2' and S3/3', the experimental results of the distribution of macrocell current on the surfaces of NIZ are shown in Fig. 7 .
Corresponding theoretical results calculated through Eq.
(2) demonstrated a same trend with measured macrocell current. However, the values of Eq. (2) could be two times higher than the measured results, approximately.
The reasons for such deviations is considered to be the calculation of concrete resistivity and polarization resistivity of one-dimensional equivalent circuit (cf. Fig.  2.) , and thus the value of parameter ζ in Eq. (3). Further analyses with respect to these three parameters are still in process.
Fig. 7.
Experimental results of macrocell current in concrete with different diameters of steel 1.
Comparison of microcell and macrocell currents
Dividing the microcell and macrocell currents of each steel segment by its surface area, the microcell current density (icorr) and macrocell current density (ig) were obtained. As can be seen from Fig. 8 , although the cover depth of each steel segment was the same, the microcell corrosion rates were non-uniform, which could lead to the deviation between measured and predicted results for macrocell currents. The present study assumed that the polarization resistivity of each steel electrode unit was the same (cf. Fig. 2 ), solving the macrocell between crossed steel based on equivalent circuit. While in the experiment, dissimilarity of microcell corrosion rate of each steel segment was inevitably occurred due to the inhomogeneity of concrete. Such dissimilarity of microcell corrosion rate could lead to the occurrence of local "cathode" (cf. Fig. 8 (a), S3/3' and Fig. 8 (b), S2/2').
In this regard, the measured results of macrocell currents were hard to be entirely equal to the theoretical results.
As can be seen from Fig. 8 , under the influence of concrete resistance and polarization resistance of steel, the macrocell corrosion rate of each steel segment is inversely proportional to the distance between the steel segments of NIZ and S0. The ratio of icorr to ig will increase with the dampening of macrocell corrosion. In this regard, the major mechanism for the corrosion of steel under coupled micro-and macro-cell corrosion process will be changed accordingly. An effective distance of macrocell current on the surface of NIZ can thus be defined, based on the ratio of icorr to ig. 
Influence of macrocell corrosion between crossed steel bars on the reliability of RC structures
Similar to the circumstance of crossed stirrups and longitudinal rebar in RC beams, macrocell could also be formed between distribution bars and bearing force reinforcing bars in RC slabs. Bearing force rebars are placed near the surface of a RC slab, leading to a possible more negative potential than that of distribution bars. Macrocell between crossed distribution bars and bearing force rebars could thus be formed. In this regard, the coupled micro-and macro-cell corrosion process will aggravate the metal removal rate of stirrups in beams and bearing force rebars in slabs. To define the effective distance of macrocell current between crossed steel bars, the influence of different values of icorr/ig on the capacity of RC structures were analyzed. Three different values of icorr/ig (1/1, 3/1 and 10/1) were considered. As fundamentally known, the macrocell current partially contributes to the increase of metal removal rate (or anodic dissolution rate) of steel under coupled microand macro-cell corrosion process [5, 6] . Reference [5] approximated the proportion of the contribution of macrocell current to 60%, based on the measured results of anodic Tafel slope (ca. 40 mV/decade) and cathodic Tafel slope (ca. 60 mv/decade). In the present study, the contribution of macrocell current in the increase of metal removal rate was approximated to 70% based on the experimental results of Tafel slopes (ratio of anodic Tafel slope to cathodic Tafel slope equals to ca. 3/7) in the authors' previous experimental results of the polarization test of reinforcements. Since the polarization test of steel reinforcement is not the focus of this study, the details of experiments for polarization tests are not presented. The anodic dissolution rate can thus be calculated by the following equation:
It should be noted that the stress of stirrups in beam dramatically increased after the occurrence of cracks which could meanwhile lead to the new formation of macro-cells between exposed steel in the crack and vicinal uncracked areas. The present study has not taken this macrocell into consideration. Moreover, the longitudinal rebars in beams and distribution bars in slabs are "cathodically protected" under the coupled micro-and macro-cell corrosion process, which make it possible to approximate their corrosion rates to zero in the analyses. Monte-Carlo simulations were utilized for five thousand times, based on the following limit state function:
() g R t S  (6) where R(t) is the time-variant resistance, and S is the applied load effect.
Corroded RC beam
Employing the experiment setup in reference [7] , analysis was carried out for a simply supported RC beam with the dimensions of 1140 mm × 150 mm × 180 mm (length × width × height). The beam was subjected to concentrated load in the experiments. Two 20 mm ribbed rebars were placed in the bottom of beam, and the layout of stirrups was 6@100 mm. The properties of concrete and steel are listed in Table 2 . The arrangement of reinforcements was shown in Fig. 9 [7] . The distribution type of each variable were assumed according to reference [8] . Fig. 9 . Arrangement of reinforcements of concrete beam (mm) [7] .
According to reference [7] , experimental results of shear capacity demonstrated a good agreement with the proposed model of Zararis [9] which was also adopted in this analysis, mainly for the beam subjected to shear compression failure. The shear capacity was calculated by the following equations: where Vu is the ultimate shear force; a is the shear span;
d is the effective depth of cross-section; fc is the compressive strength of concrete; cs is the depth of the compression zone above the tip of the critical diagonal crack, which is a portion of the depth (c) above the flexural cracks; ρ is the ratio of main tension reinforcement; ρv is the ratio of vertical shear stirrups. The cross-sectional area (As) of corroded steel reinforcements was calculated through Eq. (11), assuming the corrosion of reinforcements was uniform.
where D0 is the diameter of uncorroded steel; icorr is the current density; t is corrosion period. The corrosion of reinforcements in concrete is basically non-uniform. Pitting factor [10, 11] and crosssectional area spatial heterogeneity factor [12] are used to quantify the non-uniformity of steel corrosion. Nevertheless, the significance of this analysis is the influence of macrocell corrosion between longitudinal bars and stirrups. The corrosion of an individual steel is therefore assumed to be uniform, dampening the effect of non-uniformity of corrosion. Although this situation is not in accordance with the corrosion of steel reinforcements exposed to chloride environment, it is serviceable to analyze the specific influence of macrocell corrosion between longitudinal bars and stirrups. Since the corrosion rates of longitudinal rebars are assumed to be zero, the bending capacity of beam and corresponding failure probability (pfm) are timeinvariant. As can be seen from Fig. 10 , the shear capacity of the concrete beam decreased with increasing corrosion rates of stirrups. Taking Fig. 10(a) for instance, a nearly one-fold increase in the probability of shear failure after fifty years was reached when the ratio of icorr to ig is 3/1. Meanwhile, corrosion of stirrups may bring the change of failure mode from bending to shear failure. However, compared to the situation of microcell corrosion (i.e. ig=0), the change of failure mode due to the corrosion of stirrups may not be shifted earlier when the ratio of icorr to ig is 10/1 or 3/1. When ig is no less than icorr, there can be a considerable advance in the time for the change of failure mode from bending to unexpected shear failure. MATEC Web of Conferences 199, 04005 (2018) https://doi.org/10.1051/matecconf/201819904005 ICCRRR 2018
Corroded RC slab
Similarly, Monte-Carlo simulations were carried out on the bending capacity of a one-way RC slab in the situation of bearing force reinforcing steel bars subjected to the coupled micro-and macro-cell corrosion. The bearing force rebar is subdivided into m elements with a length of δ. The element length should be no less than two bar diameters so that stress concentration could be neglected. For the series system, the critical limit state occurs when actual load effects exceed resistance at any element. The limit state function in i th time segment can be written as:
where Mj(ti) represents the structural resistance of j th element within i th time segment and Sj(ti) represents the maximum load effect of j th element within i th time segment.
The cumulative probability of failure for a tL-yearcorroded slab is f L t1 t2
The span of the slab in this analysis was designed as 1200 mm. The layout of bearing force reinforcing bars was 10@150 mm. The geometrical and distributed load variables are listed in Table 3 . As shown in Fig. 11 , compared with the scenario of microcell corrosion, when the bearing force rebar was subjected to coupled micro-and macro-cell corrosion, the failure probability of bending could be doubled after fifty year even if the value of icorr/ig equals 10/1. When the value of icorr/ig equaled 1/1, a nearly twenty-fold increase in the failure probability of bending was recorded. The influence of macro-cell corrosion on the bending capacity of a RC slab cannot be ignored over a long period of corrosion.
Effective distance of macrocell current on the surfaces of crossed steel bars
The aforementioned results of analyses indicated a noticeable advance in the change of failure mode of a concrete beam (from bending to shear failure) and a considerable increase in the failure probability of bending for a concrete slab, when macrocell corrosion current density (ig) is no less than the microcell corrosion current density (icorr). Fig. 11 . Failure probability of a corroded slab.
Thus, the effective distance (x) of macrocell current between crossed steel bars can be derived based on Eq.
(2), as shown in the following equation:
where B equals to (ba•bc)/(ba+bc) or can be simplified as 0.026 V; ba and bc are the anodic and cathodic tafel slopes.
The effective distance is depend on the major mechanism of corrosion of steel. Within the distance, the major mechanism is macrocell corrosion, while microcell corrosion dominates out of the distance. It is a variable related to the potential difference between IZ and NIZ, the concrete resistivity and polarization resistivity. Further investigations may need to be carried out, regarding the above factors.
Conclusions
From the present study, the following conclusions can be derived: (1) Dividing the crossed steel into intersected zone (IZ) and non-intersected zone (NIZ), the macrocell current between crossed steel bars can be addressed by Ohm's law and transmission line method in the IZ and NIZ, respectively. (2) The macrocell current on the surfaces of NIZ decreased with increasing distance to the IZ, indicating a possible change in the major mechanism from macrocell to microcell for the corrosion of steel, which is meanwhile closely related to the initial potential difference (η0). (3) The analysis of time-dependent capacity of a RC beam indicated that the time for the change of failure mode from bending to shear failure could be dramatically advanced when the macrocell current density (ig) was in the same magnitude with or higher than the microcell current density (icorr), compared with the scenario of microcell corrosion only. (4) The analysis of time-dependent bending capacity of a RC slab indicated that the macrocell corrosion could not be ignored in the long-term corrosion period. Nevertheless, the bending capacity of the slab drastically decreased when the macrocell corrosion rate was no less than the microcell corrosion rate.
